The chemical reactivity of thymine (T), when mismatched with the bases cytosine, guanine, and thymine, and of cytosine (C), when mismatched with thymine, adenine, and cytosine, has been examined. Heteroduplex DNAs containing such mismatched base pairs were first incubated with osmium tetroxide (for T and C mismatches) or hydroxylamine (for C mismatches) and then incubated with piperidine to cleave the DNA at the modified mismatched base. This cleavage was studied with an internally labeled strand containing the mismatched T or C, such that DNA cleavage and thus reactivity could be detected by gel electrophoresis. Cleavage at a total of 13 T and 21 C mismatches isolated (by at least three properly paired bases on both sides) single-base-pair mismatches was identified. All T or C mismatches studied were cleaved. By using end-labeled DNA probes containing T or C single-basepair mismatches and conditions for limited cleavage, we were able to show that cleavage was at the base predicted by sequence analysis and that mismatches in a length of DNA could be readily detected by such an approach. This procedure may enable detection of all single-base-pair mismatches by use of sense and antisense probes and thus may be used to identify the mutated base and its position in a heteroduplex.
wild-type and variant DNAs have been treated with the single-strand-specific S1 nuclease to cleave the DNA at the point of the mismatched bases (1) . ( it) The differential mobility of native and denatured DNADNA heteroduplexes coupled with their differential melting temperatures has been exploited by Myers et al. (2) . (iii) Since this method was not generally applicable, Myers et al. (3) described a method in which mismatches in RNADNA heteroduplexes were cleaved by RNase A. (iv) An alternative approach in which RNase A was used to cleave mismatches in RNARNA heteroduplexes has also been described (4) . (v) Novack et al. (5) have reported that single-base-pair mismatches in DNA*DNA heteroduplexes react with a carbodiimide.
As these methods did not detect all mutations, we have examined the chemical reactivity of mismatched bases in DNA-DNA heteroduplexes in more detail. We chose the steroid 21-hydroxylase (21-OHase) gene because of its medical importance and because of the large amount of polymorphism in the gene and pseudogene (6) . We have screened those reagents, used first in the study of the secondary structure of tRNA (7) and then in DNA sequencing (8) , that lead to cleavage of the DNA chain on subsequent reaction with piperidine. Two reagents, osmium tetroxide and hydroxylamine, were found that potentially can recognize all variants, as they react with mismatched thymine (T) and cytosine (C), respectively.
MATERIALS AND METHODS
Preparation of DNA and Probes. Plasmid and M13 subclone DNA were prepared by standard methods (6) . Internally labeled DNA probes were prepared from M13mp8 or M13mp9 subclones containing the DNA fragments that were used to generate the sequence of the 21-OHase A gene, the 21-OHase B gene and the mutant 21-OHase B gene (6) (Fig. 1) .
Subclones carrying the desired DNA fragment complementary to the probe required were labeled by standard methods (9) by using the M13 universal sequencing primer. All dNTPs were at a concentration of 0.25 mM except dATP, which was added so that the [a-32P]dATP was diluted 1:9. Typically, 2 ng of primer was annealed with 50 ng of M13 DNA in 6.5 /l, by heating at 90'C for 4 min followed by incubation at room temperature for 30 min. dNTPs were then added with 1 pl of [a-32P]dATP (3000 Ci/mmol; 1 Ci = 37 GBq; Radiochemical Centre) and 1 p.1 (7.5 units) of the Klenow fragment of DNA polymerase I (Pharmacia) in a final volume of 17.6 .ld, and the mixture was incubated at 20-240C for 1 hr. All dNTPs were then added at 0.25 mM and incubated 30 min to chase. Samples were then extracted with chloroform/phenol, 1:1 (vol/vol), and the DNA was precipitated with ethanol. Immediately after labeling DNA was digested (in a final volume of 20-50 pL) with restriction enzymes appropriate for the heteroduplex being studied (see Table 1 ). End-labeled DNA probes (see Table 1 ) were derived from the appropriate digests of the 3.7-kilobase Taq I fragment of the wild-type or mutant 21-OHase B genes or the 5.5-kilobase Bgl II-BamHI fragment of the 21-OHase A gene, cloned in the Pvu II site of the plasmid pAT153/PvuII/8 (6). Fragments were purified by electrophoresis in nondenaturing 4% polyacrylamide gels.
Heteroduplex Formation. Heteroduplexes contained unlabeled DNA from plasmid subclones digested with restriction enzymes appropriate for the heteroduplex being studied (see Table 1 ). A 12-fold molar excess of unlabeled digested plasmid DNA to labeled probe DNA was used for end-labeled probes, and a 50-or 200-fold molar excess of unlabeled digested plasmid DNA to labeled probe DNA was used for internally labeled probes. The mixture (20-100 ILI) was heated 5 min at 100'C and annealed 1 hr at 420C in 0.3 M NaCI/3.5 mM MgCI2/3 mM Tris*HCI, pH 7.7. Heteroduplex DNA was precipitated with ethanol and then taken up in Abbreviation: 21-OHase, steroid 21-hydroxylase. tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (6) . The upper line shows the exon-intron structure of the gene, and the lower line is a restriction map. A, Acc I; B, BamHI; E, EcoRI; H, Hinfl; K, Kpn I; M, Msp I; N, Nco I; P, Pvu II; S, Sst I; Sm, Sma I; Sty, Sty I; T, Taq I. The numbers above the restriction map show the approximate positions of differences of the mutant B gene (6) (lower row of numbers) and the A gene (upper row of numbers) from the wild-type B gene with the numbering starting from the first difference from the 5' end. Only some of those differences studied are shown. The horizontal bars represent the B gene, the mutant B gene, or the A gene DNA from M13 subclones used as specified in Table 1 or from pAT plasmid DNA used for end-labeling studies ( Table 1 ). The solid boxes represent the DNA used as probes. The hatched boxes represent the pAT plasmid DNA used for the end-labeling studies. The Roman numerals represent the regions used to produce probes and are referred to in Table 1. distilled water at 1000 cpm/,ul. Approximately 6000 cpm of labeled probe DNA was used per assay tube.
Hydroxylamine Treatment of DNA. Hydroxylamine hydrochloride (1.39 g) (Analar grade; BDH) was dissolved in 1.6 ml of distilled water and the pH was adjusted to 6.0 with diethylamine (Fluka). The RESULTS Hydroxylamine Cleavage of Mismatched C Bases. Preliminary experiments indicated that optimal cleavage of mismatched C bases was obtained with a 2-hr incubation in 2 M hydroxylamine at pH 6 . Lower concentrations were not as effective, and longer times led to the destruction of the DNA.
The cleavage of C C, CT, and C-A mismatches [mutations B8, B4, and Bli, respectively (6)] as a function of time is shown in Fig. 2 . Cleavage at 2 hr was 93%, 88%, and 74% with recoveries of 65%, 71%, and 23%, respectively (recoveries of 70% were later consistently achieved by use of methanol/dry ice for ethanol precipitation). The 215-base fragment in Fig.  2B is due to cleavage of a CA mismatch (mutation B3) that lies 20 bases from the C-T mismatch. Cleavage at this C-A mismatch was not quantitated. In all cases the size of the cleavage products was consistent with cleavage at the respective mismatches. Controls-heteroduplexes with no incubation, with no hydroxylamine added, or with no piperidine added, a homoduplex with the same labeled strand, and a heteroduplex with the opposite strand labeled-showed no specific cleavage of the labeled strand (Fig. 2) . For mutation Bli (CA mismatch), the probe included 10 bases of the vector and the size heterogeneity seen in Fig. 2C (lane 5) is due to cleavage of those unpaired bases.
The above results are consistent with cleavage at the position of the mismatch identified by sequence analysis (6) but do not prove that it is at this point. To determine the exact position of cleavage the 3' end of probe VI was end-labeled by using the Klenow fragment of DNA polymerase I. A portion of the probe preparation was sequenced by the Maxam-Gilbert method (8) . Another portion of the preparation was used to make heteroduplex that was then incubated with hydroxylamine for 2 hr. The product of the cleavage reaction is exactly adjacent to the mismatched C (Fig. 3, lane  5) . Two minor products, 1 and 3 bases from the mismatched C, are also apparent presumably due to propagation (10) where paired C bases near the mismatch show some reactivity with hydroxylamine, similar to unmatched bases near the loops of tRNA.
The ability of hydroxylamine and piperidine to cleave C mismatches in various contexts is summarized in Table 1 .
Cleavages of 90%, 84%, and 87% were observed for a C-C mismatch (mutation B5) and two C-A mismatches (mutations B1 and A82a), respectively. In other cases only the ability to cleave was recorded.
Screening of a larger number of mismatches for cleavage was possible in the probe IV/V region (see Fig. 1 unlabeled 21-OHase A gene DNA. Labeling was at the 3' end of the sense strand. After partial (30 min) reaction with hydroxylamine only the expected 246-, 147-, 90-, 62-, and 36-base fragments are seen. This is consistent with cleavage at the five expected C mismatches: C-A, C-T, C'T, C-C, and C-C (mutations A24, A35, A45, A48, and A50, respectively). One mutation (A48) did not produce an isolated C mismatch due to the presence of a T-C mismatch immediately adjacent.
FIG. 2. Hydroxylamine reaction with an internally labeled probe. (A) C C mismatch (mutation B8). (B) C-A and C-T mismatches (mutations B4 and B3, respectively). (C) C-A mismatch (mutation B11
Use of a probe from region X (Fig. 1) potentially allows the study of 8 of a probe from region XI (Fig. 1) potentially allows the study of 11 C mismatches and 1 unpaired C base in a loop. Table 1 shows those cleavages where neighboring mismatches are >3 bases away. With the region X and the region XI probes in the regions able to be assessed, all C mismatches or unpaired C bases were cleaved. Except for those C bases near the C mismatches that showed lesser cleavage, presumably due to propagation, no unexpected cleavages were found.
Osmium Tetroxide Cleavage of Mismatched T Bases. The cleavage ofTG, T-C, and TOT mismatches (mutations B3, B4, and A64, respectively) are shown with increasing time in Fig.  4 . Cleavage was 61%, 78%, and 17% with recoveries of 33%, 30%o, and 21%, respectively. Heteroduplex controls without incubation, osmium tetroxide, or piperidine, or a homoduplex control showed no specific cleavage. In all cases the size of the cleavage products was consistent with cleavage at the respective mismatch site. Table 1 summarizes the results obtained with a further three T mismatches studied with an internally labeled probe. Substantial cleavage ofthe probes used was observed for TOG (mutation BlOa) and for T-C (mutation A65) mismatches. Cleavage of T mismatches that were not quantitated were studied with end-labeled probes (see below). Cleavage at TOG and TIC mismatches (mutations A17, A23, A29, and A30) is shown in Fig. 5 and Table 1 . T-G mismatches (mutations A46, A84, and A88) and a TOT mismatch (mutation A31) were cleaved in other end-labeled probes (Table 1) .
To determine the exact position of cleavage, products of the Maxam-Gilbert sequencing reactions of the end-labeled probe was electrophoresed next to the heteroduplex that had reacted with osmium tetroxide (Fig. 5, lanes 1-6) . It can be seen that the two isolated T mismatches (A29 and A30) are cleaved at the position of the mismatch. Fig. 5 also shows the use of end-labeled probe in a heteroduplex with unlabeled DNA suspected of containing sequence changes; partial cleavage is a convenient method Genetics: Cotton et A _.*-300 Table 1 . Summary of C and T mismatches cleaved 
(T)CTGTT TAGAT(T)GGGAG TGCAC(T)TGCTG GCTCC(T)GTACG CTCGG(C)AGTCA AAGGA(T)GGAGT TTGAC(C)TCCTG ACCTT(T)GGGGC AAGTG(T)GAGCC ATGGG(T)TCTTG AGGGC(T)GGGGG GGGGA(T)GCCCC GCAGC(T)GAGGG TTAAT(T)CTGAG TGCTC(T)TCCCG GCTGG(C)CCTTT
*Entry gives the probe sense, area of the gene used, and the gene used (see Fig. 1 ). tCleavage is defined in Materials and Methods. + ve indicates cleavage seen but not quantitated. E denotes that end-labeled probe was used and cleavage was seen but not quantitated. Value in parentheses refers to cleavage of C mismatches with osmium tetroxide. §Mismatched bases that are cleaved are in parentheses and nearby mismatched bases are underlined.
NMutations were described after publication of ref. 6. for detecting these differences. After a short incubation with osmium tetroxide (lane 5, 1 min; lane 6, 5 min) and subsequent cleavage ofthe heteroduplex with piperidine, a number of bands not seen in the homoduplex control treated in the same way (lane 8) are apparent. Consideration of the sequencing tracks (lanes 1-4) , the molecular size markers (lane 9), and the sequence allows assignment of the bands to specific T bases. The five single-base-pair T mismatches are indicated by mutation name and lead to five of the six major bands seen in lane 5. The sixth major band (second from top) results from the cleavage ofa T next to a loop in the 21-OHase A gene due to a 4-base insertion. The next strongest bands, two below mutation A30, are due to cleavage of T mismatches next to a single-base-pair mismatch (mutation A31) or 3 bases from a 3-base insert. Three further examples of the former are seen in the three faint bands above mutation A29.
The minor band below mutation A23 (lanes 5 and 6) and at the second hydroxylamine cleavage ofC from the bottom (lane 7) is consistent with slower rate of reaction of osmium tetroxide with C mismatches relative to T mismatches (see below).
The hydroxylamine cleavage of the same heteroduplex (lane 7) (also illustrated in Fig. 3, lane 6) illustrates how a stretch of DNA can be scanned for all T and C mismatches. (C) T-T mismatch (mutation A64). All incubations were at 37°C with 2.4% (wt/vol) osmium tetroxide at 37°C unless otherwise indicated. Osmium Tetroxide Cleavage of Mismatched C Bases. The C mismatches studied for cleavage by hydroxylamine and piperidine were also studied for cleavage by osmium tetroxide and piperidine (Table 1) . By using internally labeled probes containing C-T, C C, and C-A mismatches (mutations B4, B8, and Bi), cleavages of 57%, 78%, and 81%, respectively, were found. A further two C-A mismatches (mutations B3 and B11) were also cleaved, but the values were not quantifiable. been used for structural studies of tRNA (7, 10) , for sequencing nucleic acids (8) , and for Z-DNA studies (11) . In initial experiments, hydroxylamine (12) (13) (14) and osmium tetroxide (12) , showed considerable promise, and conditions were established for maximal cleavage of mismatched C and T, respectively (data not shown). We applied these conditions to a large number of T and C mismatches and showed that all 13 T mismatches studied were cleaved, including 2 T-T, 4 T-C, and 7 TUG mismatches. All 21 C mismatches studied were also cleaved, including 2 C-C, 7 CUT, and 12 CUA mismatches. At least one example of each C mismatch was cleaved with osmium tetroxide at a slower rate consistent with earlier studies (15) . Previous work on tRNA with osmium tetroxide (16) and O-methylhydroxylamine (17) The method for detection of mismatched bases described in this paper as applied to cloned DNA can be contrasted with two other methods, the RNase method (3, 4) and the carbodiimide method (5) . The RNase method (3, 4) needs an extra step of cloning (into the SP6 vector) beyond that needed for the carbodiimide method (5) or the method described here. However, the greatest drawback of the RNase method appears to be the variable cleavage of some mismatches from 0 of 6 G-C mismatches to 1 of 14 GUT and 1 of 7 G-A mismatches to excellent cleavage of all 22 C-A mismatches (3) . The study of mismatches with the end-labeled probe is theoretically possible with the RNase method but has not yet been reported. The carbodiimide method requires the heteroduplex first to be made blunt-ended, but its potential for detecting mismatches is unclear; the results for only two mismatches (T-C and G-T) were given, although positive results for G-G and TUT mismatches were mentioned but not shown. Because this method is not a cleavage method, fragments cannot be detected by PAGE. In contrast, the strengths of our method appear to be (i) that no extra cloning is required beyond that for cloning and sequencing the wild-type (reference) DNA, (ii) that it is a cleavage method that allows easy assessment, (iii) that because it is a chemical method, it may be more reproducible than enzymatic methods, (iv) that comparison with a Maxam-Gilbert sequencing ladder of limited cleavage of a heteroduplex allows rapid and ready identification of position and type of mismatch, and (v) that as no mismatches have yet been found that do not cleave, it is possible that all mismatches may be detectable. Thus if a labeled probe contains a mismatched T or C in its heteroduplex, it can be readily detected, although a mismatched A or G will not. However, a probe of the opposite sense will contain a mismatched T or C, respectively, and the mismatch then will be detected.
Our method should be applicable to genomic DNA, particularly in the analysis of the defective genes associated with inherited diseases and in the study of oncogenes that differ by a few bases. In addition our procedure may be used to compare related virus isolates and may provide a convenient and rapid check of in vitro-mutagenized DNA fragments.
